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CNT/PLA hot-pressed films and electrical characterization
The prepared hot pressed films were electrically characterized using four-point-probe (Signatone HR4-620850FN) resistivity measurements to determine the DC conductivity. Samples approximately 3.4 cm by 7.2 cm were centered on a four-point-probe stand (Lucas Labs) and measured using a differential voltage system (two Keithley 6514 electrometers, Keithley 2000 digital multimeter) with current sourced by a Keithley 6221. Starting at the lowest possible current for each sample, voltage drops were measured at three increasing decades to ensure the linear Ohmic behavior of the samples. Three measurements were taken inside the linear region for each sample and the voltage drop was taken from the average of these measurements. Volume resistivity (inversely conductivity) was calculated according to the following formula:
where ρ is the resistivity in Ohm-m, V is the voltage drop in Volts, I is the current in Amps, t is the thickness in meters, and k is a correction factor for geometry based on the probe spacing to sample diameter. For the sample geometry tested, k is taken to be 0.983 (short sample dimension 3.4 cm divided by probe spacing 0.15875cm and correction applied from lookup table).
These DC conductivity measurements are shown in table S1. Microwave AC dielectric properties of the films were measured using a coaxial measurement technique using a microwave network analyzer (Agilent E5071C) that measures the scattering (S) parameters of two-port networks. The measurement technique uses a disk shaped sample sandwiched between two transmission lines, as shown in fig. S1 . The parts of the dielectric disk that are outside the coaxial lines are completely enclosed with a conductor. For convenience, two 7 mm Amphenol Precision Connectors (APC-7) where used to act as the sample holder. A disc punch was used to punch out samples 14.8 mm in diameter ensuring the films would fit precisely in the sample holder with minimal air gaps at the edges.
The sample thickness was 0.5 mm. The method for extracting the complex permittivity (or the dielectric constant and conductivity) is based on full wave electromagnetic analysis of the structure. Two completely different methods were used, one is based on the method of moments and the other uses a commercial software based on the finite element method (ANSYS HFSS). Determining the complex permittivity from measurements is an inverse problem. Therefore, in both methods optimization techniques are necessary where an objective function describing the error between computed and measured quantities is minimized. We used the S21 parameter (the transmission coefficient), which is a complex quantity, in the optimization objective function to retrieve the complex permittivity, and ensured that the iterative optimization procedure had proper convergence for all the measured samples.
To better understand the mechanism for the rapid heating response, we measured the microwave absorbing properties of the hot pressed PLA films using a microwave network analyzer (Agilent E5071C) and a two port coaxial transmission line technique. Round discs of each film thickness were fitted into a coaxial adapter while ensuring that air gaps were eliminated. The network analyzer measures the scattering parameters (S11 and S21) by detecting the incident, reflected, and transmitted microwave signals.
The ratios of the reflected and transmitted powers to the incident power are equal to |S11| 2 and |S21| 2 , respectively. The power absorbed by the sample and dissipated as heat, normalized to the incident power, is calculated using the following formula:
fig. S1. Dielectric measurements using a sample holder placed between two coaxial transmission lines.
These AC dielectric measurements are depicted in fig. S2 .
fig. S2
. AC dielectric properties including the real part of the relative permittivity, the loss tangent, and AC conductivity.
Microwave heating thermometry for hot-pressed films
The hot pressed films were heated in a rectangular waveguide (AMCSS-284-F/F-12-B, AMC LLC.) powered by a solid state microwave source (GMP 150, Opthos Instruments Inc.) operated at 2.45 GHz at various power levels for 30 seconds. Spatial temperature measurements were carried out using an infrared camera system (A655sc, FLIR Systems Inc.) calibrated to measure temperatures of a sample located behind a brass mesh covering the open end of the waveguide. The samples were inserted into the waveguide at the location of the first maximum of the electric field standing wave, approximately 57.9mm from the brass mesh. This ensures the samples were exposed to the strongest and most uniform electric field in the closed waveguide. Various power levels were used to heat the samples and their temperature response was recorded using the FLIR supplied software (ResearchIR MAX). simultaneously. The following two PDEs describe the system:
In the Electromagnetic Wave module our boundary conditions consisted of two Perfect Electric
Conductors (equation 3) and one Input Port (equation 4)
.
In A manual sweep was used to cycle through the dielectric constants in the simulation for the different PLA films with varying CNT weight percent (table S2) . This data was collected as described above. The heat capacity for PLA was measured directly using differential scanning calorimetry ( fig. S6 ).
The built-in Frequency-Transient Study was utilized to solve the equations where data was recorded at 0.5 sec intervals over the range from zero to 30 sec. The results are shown in fig. S7 as well as Fig. 3E S7 . COMSOL simulation predictions for temperature (average) versus time for all samples.
Heating response as a function of thickness
We also investigated how thin MWCNT/PLA films respond to the microwave as a function of film thickness. These films were created by spray-coating composite films onto glass slides. To do so, 9 g of PLA pellets were dissolved in 100 ml chloroform. Separately, 1 g of MWCNTs were added to 150 mL of chloroform and sonicated for 30 minutes. The two solutions were mixed to give a 10 wt% solids in solution at a concentration of 40 mg/ml MWCNT. This ink was then diluted in 1:4 and 1:16 ratios to give inks suitable for spray coating. These diluted inks were then sprayed onto PLA films and glass slides using the apparatus pictured fig. S8 . This apparatus consisted of a lab stand with an arm that held a motorized track and an arm that held a hobby airbrush. The track arm and the airbrush arm were perpendicular. On the end of the track arm was a motorized track that moved vertically, with an arm taped perpendicularly to the direction of movement of the track. A hobby airbrush was placed in the airbrush arm and directed at a piece of cardboard that was held in the arm on the motorized track. This piece of cardboard held a glass slide and a piece of PLA film to which the coatings were applied. The track moves up and down at a constant speed of 0.554 cm/s, with the films applied by allowing the airbrush to spray at a constant rate while the track moved the slide and PLA through MWCNT ink stream.
Pressure, spray rate, and dilution were varied per sample to achieve smooth, even films of varying thickness. Because the glass and PLA are coated under the same conditions, the same thickness of film is applied. Remaining solvent was driven off under vacuum. 
Microwave bonding of thermoplastic interfaces
To create the ink used in coating the films, 3.6 g of PLA pellets were dissolved in 50 mL of chloroform.
Separately, 0.4 g of MWCNTs were added to 50 mL of chloroform and then sonicated for 30 minutes.
The two solutions were mixed to give a 10 wt% solids in solution at a concentration of 40 mg MWCNT/mL. The ink was then sprayed onto the PLA films using a hobby airbrush. The area of the sprayed region was about 1 in 2 .
The prepared samples were layered end over end like a typical lap joint. The samples were placed between two glass slides then two rubber bands were wrapped around the slides to keep tension on the films. The samples were then placed in a faraday cage and irradiated at different times and powers using a 1250 W Panasonic microwave oven with Inverter technology.
Lap shear and tensile strength measurements of the welded PLA films were conducted using an Instron with a 500N load cell. BlueHill software was used for data acquisition and analysis. The area of the weld was entered into the software before each run. The sample was then placed vertically into the clamps and 
Filament coating method
A bath coating process was employed to achieve a thin conformal coating of CNTs + polymer on the exterior of the feedstock PLA filament (Zen Toolworks, ZTW 3D Filament PLA 1.75mm -Natural, Polylactide supplied by NatureWorks). The filament diameter as measured by calipers was found to be 1.70 mm ± 0.4 mm. Material properties for the PLA supplied from the manufacturer are listed in table S3 . CNT composite ink was prepared in a similar manner to the solution-cast hot press films and ink used for spray coating. Specifically, 3.6 g of PLA pellets were dissolved in 50 mL of chloroform. Separately, 0.4 g of MWCNTs were added to 50 mL of chloroform and then sonicated for 30 minutes. The two solutions were mixed to give a 10 wt% solids in solution at a concentration of 40 mg MWCNT/mL. This ink was then shear mixed in an ultra-high shear mixer (Silverson L5MA with 5/8" Micro SL mixing head) at 5,000 RPM for 1 hour. To coat the neat PLA filament, first the dip coater was loaded with 10 wt% CNT ink. The neat PLA was drawn through the dip coater ( fig. S11 ) and kept vertical during the drawing and drying process to ensure an even radial coating was deposited. The excess chloroform was allowed to evaporate off in the fume hood. Next the coated filament was placed in the vacuum oven at 100°C and left for 24 hours to drive off any remaining solvent.
fig. S11. Coating bath internal view. The structure is comprised of Teflon guide sandwiched between two aluminum plates.
The coated filament was characterized by SEM and optical microscopy and correlated with linear mass density measurements to determine the areal coverage ( fig. S12 ). By weighing a section of filament before and after the coating process and dividing the differential weight by the length of filament, an average linear mass loading of approximately 1 mg/cm of filament was achieved with the coating process.
Assuming the CNT composite has a density of 1.34 g/cm^3 (0.9*1.25 g/cm 3 + 0.1*2.1 g/cm 3 weight average of PLA and MWCNTs) and the neat filament has a diameter of 1.7mm, the thickness of the coating would be approximately 14.0 µm. This value agrees well with optical micrographs of filament cross-sections. As coated filament is fed through the 3D printer extruder nozzle, it is thinned out due to extensional flow. From optical micrographs of printed unit cells ( fig.S13 ), we conclude that with careful selection of printer parameters, very little mixing between the CNT composite sheathing and inner polymer core occurs.
fig. S12. Microscope image of the 1.75-mm printer filament with CNT coating.
fig. S13. Microscope image of the coated filament after being extruded from a 0.5-mm nozzle.
Therefore, using volumetric consistency between the coated filament feedstock and the extruded filament, the thickness of the coating after extrusion may be calculated as follows:
where ECoat is extruded coating thickness, REO is extruded outer radius, RI is filament inner radius, and RO is filament outer radius as in fig. S14 . We compute ECoat = 3.9 µm.
fig. S14. Schematic for calculation of coating thickness.
Heating response of coated filaments
We utilize the MWNT coating to improve interfacial adhesion by heating only the interfaces of each layer. Figure S16 clearly demonstrates that there is only heating at the interfaces instead of throughout the entire bundle or only at the edges of the bundle. However by coating the PLA in a layer of CNTs, heating is achieved only at the interfaces of each layer. Heating only at the interfaces instead throughout the entire structure improves the mechanical properties of the print. Heating in an oven would cause uneven heating. The interfaces near the edges of the part would become stronger than the interfaces in the interior of the part. Using the microwave procedure all the interfaces receive a similar amount of heating. Tear test samples were fabricated two at a time as rectangular coupons using continuous "vase mode" in the slicer software Simplify 3D ( fig. S19 ). This ensured that the samples had the same thermal history throughout the build.
fig. S19. Slicing pattern and G-code preview of the rectangular tear specimens.
The edges of each double-wall sample were trimmed with shears yielding a rectangular sample with dimensions in accordance with ASTM D1938. The sample is torn such that the fracture propagates along a single Z direction weld line.
